Purpose To evaluate measurement invariance (phone interview vs computer self-administered survey) of 15 PROMIS measures responded by a population-based cohort of localized prostate cancer survivors. Methods Participants were part of the North Carolina Prostate Cancer Comparative Effectiveness and Survivorship Study. Out of the 952 men who took the phone interview at 24 months post-treatment, 401 of them also completed the same survey online using a home computer. Unidimensionality of the PROMIS measures was examined using single-factor confirmatory factor analysis (CFA) models. Measurement invariance testing was conducted using longitudinal CFA via a model comparison approach. For strongly or partially strongly invariant measures, changes in the latent factors and factor autocorrelations were also estimated and tested. Results Six measures (sleep disturbance, sleep-related impairment, diarrhea, illness impact-negative, illness impact-positive, and global satisfaction with sex life) had locally dependent items, and therefore model modifications had to be made on these domains prior to measurement invariance testing. Overall, seven measures achieved strong invariance (all items had equal loadings and thresholds), and four measures achieved partial strong invariance (each measure had one item with unequal loadings and thresholds). Three measures (pain interference, interest in sexual activity, and global satisfaction with sex life) failed to establish configural invariance due to between-mode differences in factor patterns. Conclusions This study supports the use of phone-based live interviewers in lieu of PC-based assessment (when needed) for many of the PROMIS measures.
Introduction
Launched in 2004, the Patient-Reported Outcomes Measurement Information System Ò (PROMIS Ò ) has become internationally recognized in the health outcomes research field for the high standards of its patient-reported outcomes (PROs) measures [1] . The PROMIS measures were designed and evaluated using advanced qualitative and quantitative methods [2, 3] . Evidence to date has supported the validity and reliability of the measures in different populations. There is international interest to expand the PROMIS measures in terms of translations and validation in different countries [4] .
The original evaluation and calibration of the PROMIS measures was conducted with multiple populations who completed the questionnaires on a web-enabled device such as a laptop or desktop computer. However, it was recognized in clinical research studies that there is a great & Mian Wang mianwang@unc.edu need to offer participants different options to complete PRO assessments. Paper-and-pencil is the traditional method and offers the convenience of collecting data without the need for an electronic device and access to the internet; however, paper-and-pencil-based assessment will not allow computerized-adaptive testing (CAT) and data entry errors may be more common than computer-based assessment. Phone-based assessment allows those without access to a web-enabled device to complete PROs, and is a viable option for those who are unable to read the questionnaire because of low literacy, non-native language, or visual handicaps. Many of those unable to complete computer-based PRO measures because of low literacy are from vulnerable populations that are high priority for federal agencies like the USA's National Institutes of Health. Low-literate patients are often excluded from PRO studies [5] . Therefore, the ability of a research study to allow participants to complete PRO measures by different assessment modes would benefit inclusion and participation rates from the vulnerable populations. Thus, the study's results will have improved generalizability.
A previous study evaluated measurement invariance of the PROMIS measures across computers, personal digital assistants (PDAs), paper-pencil, and interactive voice response (IVR) assessment modes. The study in adult populations found no statistically significant effects on mean score levels among the modes [6, 7] . However, these modes did not include the option of a live phone interviewer reading the questionnaire to the participant. This assessment mode is very common in research studies as either a primary method for data collection or back-up method of data collection when the participant may not complete the questionnaire on paper or via computer. Including another person in the process to collect PRO data, however, may have an impact on the participants' responses, especially for sensitive outcomes like depressive mood or sexual functioning. The goal of this study is to evaluate measurement invariance of the adult PROMIS measures between computer-based and phone-interview assessment modes in a population-based cohort of localized prostate cancer survivors. The PROMIS measures evaluated in this study reflect those domains relevant for assessing outcomes for men participating in a population-based prospective research study comparing alternative treatments for prostate cancer.
Method Study/Participants
The North Carolina Prostate Cancer Comparative Effectiveness and Survivorship Study (NC ProCESS) is a population-based, observational, comparative effectiveness research study examining the impact of localized prostate cancer on the lives of men [8] . Using the rapid case ascertainment (RCA) mechanism of the North Carolina Central Cancer Registry, men with newly diagnosed prostate cancer were recruited from all 100 counties in North Carolina (NC). To participate, men had to speak English. Of the 2473 eligible men, 1419 of them enrolled in the study from January 2011 to June 2013. Additional details on NC ProCESS are described elsewhere [8] . The overall goal of this project was to prospectively evaluate cancer-specific and patient-reported outcomes of these men with newly diagnosed prostate cancer.
This study (#10-1483) was approved by the University of North Carolina Institutional Review Board.
Measures
Health-related quality of life was assessed with the NIH's PROMIS. PROMIS measures have undergone rigorous evaluation including validation in men with prostate cancer [1, 9] . PROMIS scores are normed to the US general population with mean of 50 and standard deviation of 10. Higher symptom scores reflect increased symptom burden and higher function scores reflect better functioning.
For the current study, 106 PROMIS items from the following domains/subdomains were administered (in the order they appeared on the surveys): pain interference, fatigue, depression, anxiety, sleep disturbance, sleep-related impairment, diarrhea, bowel incontinence, physical function, illness impact-negative, illness impact-positive, interest in sexual activity, therapeutic aids, erectile function, orgasm, and global satisfaction with sex life.
Design
Participants completed surveys via phone at baseline (prior to treatment) and at 3-, 12-, and 24-month post-treatment initiation. This mode of administration equivalence study focused on the 24-month assessment period. At the end of the phone-based survey, participants were asked if they had access to a web-based device and were willing to complete the same questionnaire. If yes, participants provided an email address over the phone and subsequently received an email with link to the Qualtrics (a survey platform developed by a private research software company in the United States) survey within 24 h. They had up to 5 days post phone interview to complete the questionnaire. If they opened the survey, they had 3 days to complete the survey. Participants received a $30 gift card for each completed survey.
Analysis

Missing data handling
Missing data patterns were examined and reported. The missing completely at random (MCAR) assumption was tested using the non-parametric test of homoscedasticity [10] , and multiple imputation techniques were performed except for items that had 'not applicable' missing responses.
Invariance tests
The invariance tests (and related procedures) for each domain were performed in the following sequence: (1) item categories were matched to identify categories with no observed responses, and category collapsing was performed if needed; (2) unidimensionality of the domain was evaluated using single-factor confirmatory factor analysis (CFA) within each survey mode, and necessary model modifications were made to achieve acceptable model fit; and (3) between-mode measurement and structural invariance was examined using a series of longitudinal CFA models.
To ensure consistency with the officially published PROMIS instruments and to improve generalizability of our findings, the invariance tests included only 72 items that could be found in PROMIS short forms published online for public access (see Table 1 in Appendix A for exceptions). Interested readers are referred to the Health Measures website for those short forms being evaluated in the current study and their corresponding instructions (http://www. healthmeasures.net/explore-measurement-systems/promis/ obtain-administer-measures). All reverse-worded items (see Table 1 in Appendix A) were backward reordered so that higher categories on every item indicated higher levels on the construct being measured. Also, note that only the subset of 401 men who participated in both the phone and PC surveys were analyzed using CFA.
Matching item categories
A category collapsing procedure was performed, where needed, so that an item would have the same number of categories (and thus the same number of estimated thresholds) under both survey modes. Specifically, all responses greater than or equal to any empty categories (be it under phone or PC) were collapsed downward until item responses under both surveys could be tabulated in the same consecutive ordinal pattern. For example, suppose that an item received no response in categories '4' and '5' over the phone, and no response in category '5' over the PC. Then, under the category collapsing procedure, responses '4' and '5' would be recoded to '3' regardless of survey mode. Category collapsing was implemented solely to establish a fair comparison between the two modes, and we did not intend to alter interpretations of the PROMIS items and their original response categories.
Single-factor CFA models
For every domain under each survey mode, the ordinal response data were analyzed using the robust weighted least squares estimator with a diagonal weight matrix (i.e., the WLSMV estimator; [11] ). Three fit indices were used to determine the overall model fit: residual mean square error of approximation (RMSEA), comparative fit index (CFI), and weighted root mean square residuals (WRMR). If acceptable fit indices (RMSEA \ 0.08, CFI [ 0.90, and WRMR \ 1; [12] [13] [14] ) were obtained under one mode or both, the single-factor model would be retained as the basis for the ensuing longitudinal CFA models. Otherwise, the initial models would be further examined for violations of unidimensionality. Given that most of the studied PROMIS measures had been validated in past research, only minimal modifications were made (same toward both survey modes) to ensure acceptable model fit under at least one survey mode. The modified model then served as the basis for the subsequent invariance tests. Note, however, domains with only three items (Erectile Function and Orgasm) were directly fit using longitudinal CFA models, because fit indices were unavailable/meaningless for their just-identified single-factor models with zero degrees of freedom.
Measurement invariance
According to Chapter 5 of Little's book regarding model specifications [15] and Chapter 14 of Mplus User's Guide regarding the special treatment for ordinal items (i.e., omission of the metric invariance test when the scale is set by fixing a factor variance to one; [16] , p. 544), a series of longitudinal CFA models were fit (also using the WLSMV estimator) to investigate whether psychometric properties of the measures were invariant between surveys. For each domain, three measurement invariance tests were sequentially carried out:
(1) configural invariance (i.e., equivalent factor patterns):
the same factor structure (adopted from the singlefactor CFA stage) was simultaneously fit under both survey modes. The two latent factors (respectively for phone and PC) were fixed as standard normal for identification purposes, while all loadings and thresholds were freely estimated. Item/factor autocorrelations (in pairs) were freely estimated as an integral part of longitudinal CFA. Using the same cutoff criteria previously mentioned for the single-factor CFA models, a configural model with unacceptable fit would fail, indicating that the underlying factor patterns were different between surveys. Poorly fit domains would skip all the following tests and be further examined for model misspecifications. (2) strong/scalar invariance (i.e., equivalent factor patterns, loadings, and thresholds): in contrast to the configural model, ceteris paribus, the strong invariance model freely estimated the factor mean and variance under the PC mode, while constraining loadings and thresholds equal between survey modes. The configural and strong invariance models were then compared. To establish strong invariance, a non-significant scaled-v 2 difference test statistic [17] should be observed along with a negligible decrease in the CFI index (i.e., DCFI [ -0.002, where DCFI = CFI strong -CFI configural ; [18] ). 3) partial strong invariance (i.e., equivalent factor patterns with equated loadings and thresholds on selected items): for domains that failed the strong invariance test, partial strong invariance models were explored by freeing some of the item equality constraints. Specifically, model results from the previous two steps were compared, and items with large discrepancies in their loadings and thresholds were flagged as candidate items. A series of partial strong invariance models were fit by equating all items but the candidate. This process repeated until a partial strong invariance model achieved the same (or better) model fit (i.e., non-significant scaled-v 2 difference and CFI partial.strong -CFI configural [ -0.002; [17, 18] ) in comparison to the configural model.
Latent distributional properties and structural invariance
For domains with a strongly (or partially strongly) invariant measure, latent factor means and variances under the PC mode were estimated, along with the between-mode factor autocorrelations. Since the two (almost identical) surveys were administered at most 5 days apart, we should expect minimal changes in the means and variances, but high factor autocorrelations.
Structural invariance (of means and variances) and significance of the factor autocorrelations were also tested. The freely estimated PC-mode factor mean was tested against zero (i.e., the fixed mean under the phone mode) using a z statistic. As to latent variances, we fit an equal-variance model that constrained the latent variances to one under both survey modes, and then a scaled-v 2 difference test (df = 1) was conducted to compare the equal-variance model to the strong/partial strong invariance model (which only fixed the phone-mode variance to one). Factor autocorrelation estimates were obtained from the equalvariance model and then tested against nil using a z statistic.
Software
Analyses for the current study were conducted in R version 3.3.2 [19] . Missing data mechanism was examined using the non-parametric test of homoscedasticity from the MissMech package version 1.0.2 [20] . Missing data imputation was performed using the multivariate imputation by chained equations (mice) package version 2.25 [21] . CFA models were fit using the lavaan package version 0.5-22 [22] , and results from the analyses of multiply imputed datasets were pooled by semTools version 0.4-14 [23] . Table 2 in Appendix B provides demographic and clinical characteristics for men who completed the 24-month assessment over the phone with the assistance of an interviewer (n = 952) and the subset of 401 men who subsequently also completed the same survey online. Within the entire cohort, about 72% were White men and about 68% had more than high school education. In contrast, the subset who completed both surveys were about 85% White men, and about 82% of them had more than high school education.
Results
Descriptive statistics
Missing data handling
PROMIS items were checked for missing data patterns within the subset of 401 patients who completed both the surveys. The majority of PROMIS items had less than 1% true missing responses (excluding 'not applicable' responses), and sex-related PROMIS domains in general showed the highest percentages of missing. For the most skipped items, about 3.49% of patients did not respond to item SFSAT101 on Global Satisfaction with Sex Life when asked over the phone (compared to 1.50% over the PC), and about 2.49% did not respond to item SFORG151 on Orgasm when asked over the PC (compared to 1% over the phone). Listwise, the full completion (i.e., no skipped PROMIS items) rates were 91.27 and 75.81%, respectively, for the phone and PC versions. In addition, the overall percentages of missing data points were very low under both modes (0.31% with phone and 0.91% with PC).
The non-parametric test of homoscedasticity suggested that the missing mechanism within the phone dataset was not MCAR (p \ 0.001). Therefore, we decided to proceed with multiple imputation under the weaker assumption of missing at random (i.e., missingness on a variable was unrelated to the missing values after controlling for the other observed variables; [24] ). Separately for each survey mode, missing values on the 72 analyzed items (see Table 1 in Appendix A) were imputed 90 times with possible values informed by other PROMIS items. Nonetheless, items with 'not applicable' responses (all items on Erectile Function, all items on Orgasm, and two on Global Satisfaction with Sex Life) were not imputed, and they were listwise deleted during CFA.
Prior to invariance tests, incomplete cases on the two domains that skipped multiple imputation were listwise deleted, resulting in reduced sample sizes (244 for Erectile Function and 228 for Orgasm). For Global Satisfaction with Sex Life, incomplete cases within each imputed dataset were also listwise deleted based on the two variables whose 'not applicable' responses were not imputed, resulting in 219 complete cases. For the remaining 12 domains, the CFA procedures utilized the (multiply imputed) full sample of 401 patients. Results from analyses of imputed domains were pulled according to Rubin's rules [25] .
Invariance tests
Matching item categories
Frequency tables revealed that category collapsing was necessary for five items under the phone mode and six items under the PC mode (with three overlaps), across the anxiety, bowel incontinence, depression, and diarrhea domains. All of these items received no response in their highest category, except for an Anxiety item (EDANX40) whose second highest category was empty under the PC mode. In general, such a floor effect could be attributed to having either high item thresholds or a positively skewed sample on the assessed domains. Empty categories were collapsed across all imputed datasets before implementing CFA.
Single-factor CFA models
During the initial stage of single-factor CFA modeling, several domains were plagued by locally dependent items (i.e., substantial residual covariances existed after item relationships had been accounted for by the latent factor). Therefore, model modifications were made on these domains, and results based on the modified models were provided in Table 3 in Appendix B (with corresponding changes detailed in the table notes), along with the results from domains that required no modifications. Please note that only necessary changes were made to ensure acceptable model fit under at least one survey mode. Hence, it could be possible that the same factor structure fit worse under one mode than under the other, which might be indicative of configural non-invariance.
Measurement invariance
Results from measurement invariance tests were also included in Table 3 in Appendix B. Strong invariance was established on seven domains: fatigue, depression, anxiety, diarrhea, bowel incontinence, physical function, and illness impactnegative. For these domains, their items could be fully equated between surveys without introducing bias into the estimation of the latent constructs. In other words, one survey mode could be used (theoretically speaking) in lieu of the other without distorting metric of the construct being measured.
Furthermore, measures of four domains held partial strong invariance with the following adjustments (in addition to any modifications previously made to the underlying single-factor models): Based on the above parameter estimates, item characteristic curves (ICC) for the four items were obtained using Eqs. 10 through 12 in Asparouhov and Muthén [26] , and the corresponding expected response functions (ER = P j=1 J ICC j * j, where j is the index for the five categories on each item) were plotted. As shown in Fig. 1 in Appendix C, expected responses of these items would differ in different magnitudes/directions between survey modes depending on a respondent's score on a domain. Nevertheless, respondents at the same level of sleep disturbance would generally report having worse sleep quality under the PC mode (the upper-left plot), and respondents at the same level of Erectile Function would report having better ''ability to have an erection or get hard'' while responding to an interviewer over the phone (the bottom-right plot).
In addition, three domains failed configural invariance because their RMSEA values exceeded the 0.08 cutoff. Further investigations revealed that (i) for pain interference, items PAININ9 and PAI-NIN22 locally covaried only under the phone mode. (ii) for interest in sexual activity, substantial improvement in model fit was achieved after removing item SFINT102 from the PC mode. (iii) for global satisfaction with sex life, different items (SFSAT102 under the phone mode and SFSAT105 under the PC mode) covaried locally with item SFSAT101.
Lastly, results for Orgasm were not reported because all three items had poor psychometric properties (two items had low loadings, and the other one had a negative loading), even though the global model fit indices of its configural invariance model were satisfactory.
Latent distributional properties and structural invariance
As expected, our samples were very stable on the assessed domains with invariant factor mean and variance between modes except the Illness Impact-Positive domain (see Table 4 in Appendix B for details). The estimated factor autocorrelations were all close to one and statistically significant, which was an indication of high test-retest reliability.
Discussion Summary
To our knowledge, this was the first study to investigate measurement equivalence of PROMIS measures under two different modes, interviewer-assisted phone interviews versus self-report PC surveys, using a longitudinal CFA modeling approach.
Descriptive statistics revealed that a higher percentage of White men with higher education levels (in contrast to nonWhite men with lower education levels) agreed to participate in the PC survey. This observation was not surprising, since having internet access and being literate are requisites for completing the PC survey. Past census showed that computer use and internet access increase with higher educational attainment [27] , and the White population is more literate [28] and has better access to the internet [27] .
In terms of missing data patterns, we found that patients skipped more questions when completing the survey online. This finding was as expected, given that it is generally much more effortless for a patient to miss questions when selfreporting, due to either carelessness or disinclination, as oppose to responding to an interviewer. In addition, sexrelated questions had the highest skip rates among the 106 PROMIS items, possibly because of patients' reluctance to provide sensitive personal information.
As to measurement invariance testing, measures of fatigue, depression, anxiety, bowel incontinence, physical function, and illness impact-negative were strongly invariant, holding equal factor patterns, loadings, and thresholds between surveys. For these domains, responding to a live interviewer over the phone (as an alternative to self-report online surveys) would not adversely impact the validity of PRO assessment. From a longitudinal perspective, these measures also withstood the impact of potential short-term longitudinal confounds. Given that the two surveys were completed with up to five days in between, measurement invariance would not be established if time-related extraneous variables were altering the factor pattern and/or item properties. Moreover, for measures that held partial strong invariance, they could still be administered interchangeably between phone and PC, as long as the items that function differently between surveys (one on each domain, as found in the current study) are left unconstrained. The removal of these items from their original scales is not advised, as each item is part of a complete measure and deleting an item would jeopardize psychometric properties of the measure in its original form.
Limitations
Regarding the sample, this study was limited to Englishspeaking men who received their prostate cancer care in the state of North Carolina. Future research could consider improving sample diversity and results generalizability by recruiting patients with other health conditions from multiple sites across the nation/globe. Also, specific to the subset of 401 cases used for measurement invariance testing, the vast majority were non-Hispanic White or Black, and more than 80% of them had more than high school education. In addition, our sample for invariance testing was limited to those who were willing to complete the same questionnaire within a few (up to five) days. Therefore, our findings regarding invariance of the PROMIS measures should be interpreted with such limitations in mind.
Due to practical limitations when operating under the parent NC ProCESS study, participants completed the phone-interview first and the PC mode second, rather than being randomly assigned to mode. With such a repeated measures design, the effect of mode of administration and the impact of longitudinal extraneous variables on the PROMIS measures were hardly distinguishable. Thus, for measures that failed the measurement invariance tests in the current study, we were unable to rule out the possibility that they were indeed invariant across modes but affected by shortterm longitudinal factors, or vice versa. Further research on cross-mode measurement invariance of PROMIS measures is needed to disentangle these possible explanations.
Conclusions
There has been a rapid increase in use of PROMIS measures in research and healthcare delivery settings. The PROMIS provides a valuable perspective from the patient of the impact of disease or treatment in terms of symptom burden or functional impact. Allowing more than one mode of administration for participants to report their health will improve the inclusion of a greater number of participants who may prefer a mode or limited in their access to a mode. More importantly, allowing phone-interviewer assessment of PROMIS measures allows those from vulnerable populations who have poor literacy skills to participate. This study supports the use of phone-based live interviewers in lieu of PC-based assessment (when needed) for many of the PROMIS measures. These results allow the data from these modes to be combined and analyzed together; however, it is encouraged to continue to evaluate measurement invariance with additional datasets.
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Appendix A
See Table 1 . Tables   See Tables 2, 3 and 4. For bowel incontinence domain, the autocorrelation of GISX46 over time was not estimated due to model convergence issues DCFI = CFI strong -CFI configural (or CFI partial.strong -CFI configural ) v 2 Scaled Chi-square test of model fit, df scaled degrees of freedom for the scaled Chi-square statistic, RMSEA scaled root mean square error of approximation, CFI scaled comparative fit index, TLI scaled Tucker-Lewis index, WRMR weighted root mean square residuals, v 2 test of invariance scaled Chi-square difference test comparing the strong (or partial strong) invariance model to the configural invariance model. Significant p values were marked with an asterisk after a Bonferroni correction (a = 0.05/50 = 0.001) Model modifications (with possible explanations) applied toward both survey modes prior to invariance testing: a Sleep disturbance: freely estimated the residual covariance between SLEEP20 and SLEEP44 (both were worded similarly asking about problems with sleep) b Sleep-related impairment: freely estimated the residual covariance between SLEEP6 and SLEEP7 (both assessed sleepiness during the day) c Diarrhea: freely estimated the residual covariances among GISX38, GISX40, and GISX41 (all related to ''having loose or watery stools'') d Illness impact-negative: freely estimated the residual covariance between II58.a and II59.a (both assessed social disconnectedness), and between II71.a and II80.a (both assessed uneasiness) e Illness impact-positive: freely estimated the residual covariances among II7.a, II32.a, and II35.a (all assessed optimism), and among the other five items (all related to more profound understandings of life) f Global Satisfaction with Sex Life: freely estimated the residual covariance between SFSAT101 and SFSAT102 (both used the phrase ''sex life'') 
